Dardevet D, Mosoni L. Protein feeding pattern, casein feeding, or milk-soluble protein feeding did not change the evolution of body composition during a short-term weight loss program. Am J Physiol Endocrinol Metab 303: E973-E982, 2012. First published August 14, 2012; doi:10.1152/ajpendo.00285.2012.-Studies have shown that timing of protein intake, leucine content, and speed of digestion significantly affect postprandial protein utilization. Our aim was to determine if one can spare lean body mass during energy restriction by varying the quality and the timing of protein intake. Obese volunteers followed a 6-wk restricted energy diet. Four groups were compared: casein pulse, casein spread, milk-soluble protein (MSP, ϭ whey) pulse, and MSP spread (n ϭ 10 -11 per group). In casein groups, caseins were the only protein source; it was MSP in MSP groups. Proteins were distributed in four meals per day in the proportion 8:80:4:8% in the pulse groups; it was 25:25:25:25% in the spread groups. We measured weight, body composition, nitrogen balance, 3-methylhistidine excretion, perception of hunger, plasma parameters, adipose tissue metabolism, and whole body protein metabolism. Volunteers lost 7.5 Ϯ 0.4 kg of weight, 5.1 Ϯ 0.2 kg of fat, and 2.2 Ϯ 0.2 kg of lean mass, with no difference between groups. In adipose tissue, cell size and mRNA expression of various genes were reduced with no difference between groups. Hunger perception was also never different between groups. In the last week, due to a higher inhibition of protein degradation and despite a lower stimulation of protein synthesis, postprandial balance between whole body protein synthesis and degradation was better with caseins than with MSP. It seems likely that the positive effect of caseins on protein balance occurred only at the end of the experiment. lean body mass; fat mass; casein; whey; protein metabolism OBESITY HAS NOW REACHED epidemic proportions. In 2008, more than one billion adults were overweight, and 500 million were clinically obese (18). Obesity is a risk factor for the development of chronic diseases like cardiovascular diseases and diabetes, and it contributes strongly to the global burden of associated health costs. Since most medications have now been pulled from the market, obese individuals seeking weight loss often use restrictive diets. These lead to a reduction in adiposity but also to a loss of metabolically active mass, i.e., fat-free mass including muscle mass (11). This loss should be minimized. In particular, muscle is an emergency store of amino acids that are used in case of nutritional, traumatic, or infectious stresses. The objective of this work was to minimize this loss of metabolically active tissue by optimizing protein nutrition during energy restriction.
OBESITY HAS NOW REACHED epidemic proportions. In 2008, more than one billion adults were overweight, and 500 million were clinically obese (18) . Obesity is a risk factor for the development of chronic diseases like cardiovascular diseases and diabetes, and it contributes strongly to the global burden of associated health costs. Since most medications have now been pulled from the market, obese individuals seeking weight loss often use restrictive diets. These lead to a reduction in adiposity but also to a loss of metabolically active mass, i.e., fat-free mass including muscle mass (11) . This loss should be minimized. In particular, muscle is an emergency store of amino acids that are used in case of nutritional, traumatic, or infectious stresses. The objective of this work was to minimize this loss of metabolically active tissue by optimizing protein nutrition during energy restriction.
It is known that lean mass wasting can be limited by including a sufficient amount of protein in the energy-restricted diet (26, 32) . However, little is known about the effects of the nature and timing of ingested proteins in such situations.
A series of studies performed after a test meal in healthy young subjects or during aging have shown that protein leucine content, timing of protein intake, and speed of digestionabsorption of proteins have a strong influence on protein metabolism (3-6, 9, 13-15, 24, 34, 36) . It has been shown that, in old subjects, due to a lower sensitivity of muscle protein synthesis to stimulation, a quick and intense rise in plasma amino acids, and in particular leucine, promoted the most efficient protein anabolism at the whole body level or in muscle (3, 5, 6, 14, 15, 34, 36) . Such a rise can be obtained after milk-soluble protein (MSP), i.e., whey ingestion, since these proteins are rapidly digested and are leucine rich, or when lunch contains a large amount of protein (pulse protein feeding pattern). Inversely, in young subjects, it was rather with a low but prolonged rise in plasma amino acids as seen after casein ingestion (slowly digested proteins) or when protein intake is spread over the day that the best protein anabolism was obtained (5, 9, 24) . This result may be related to lower amino acid oxidation and a more prolonged inhibition of protein degradation. The difference between young and old subjects could result from the presence of oxidative stress/inflammation during aging, since it was shown that the sensitivity of aged muscle protein synthesis to feeding could be restored by anti-inflammatory drug (ibuprofen) (37) or antioxidant supplementation (33) .
Although it has been suggested that leucine-rich protein could be interesting in the treatment of obesity (27) , comparisons between caseins and MSP or between spread and pulse protein feeding pattern have never been tested during energy restriction in obese subjects. What would be best to spare lean body mass, an intense rise in plasma amino acid (MSP, pulse pattern) or a low and prolonged rise (caseins, spread pattern)?
It could be anticipated that an intense rise would be better, since it has been reported that obesity, like aging, is associated with inflammation and oxidative stress (17) . It could also be hypothesized that a low and prolonged rise, by minimizing amino acid oxidation, could be particularly useful in the context of energy restriction. Thus, with the aim of optimizing protein nutrition during energy restriction in obese subjects, we undertook a human experiment in which obese subjects were proposed a 6-wk energy restriction diet with caseins or MSP as the unique protein source, these proteins being consumed either spread in equal proportions over four meals a day or given mainly (80%) at lunch. We measured the evolution of body composition and, during the last week of energy restriction, whole body protein synthesis, degradation, and oxidation.
In addition, this work was a good opportunity to learn more about the influence of macronutrient composition on adipocyte function during an energy restriction program because data remain scarce. The association between gene expression changes in adipose tissue and modification of adipocyte size, an important marker of obesity phenotype, has been recently described during restriction diet trials (38) . We further characterized adipose tissue gene expression and determined adipocyte size before and after dietary intervention.
SUBJECTS AND METHODS

Nutritional Design
During the 6 wk of the controlled feeding period, our aim was 1) to give an amount of energy equal to the basal energy requirements (calculated from Ref. 19 on the basis of measured weight of the subject); 2) to maintain a normal amount of protein despite this energy restriction, thus providing 25% of energy as proteins; 3) to use as the main source of protein (Ͼ80%) either caseins or milk-soluble proteins (MSP); 4) to distribute proteins among four meals per day using two different patterns, a pulse protein feeding pattern, with an 8:80:4:8% repartition of proteins in the four meals of the day, and a spread feeding pattern, with a 25:25:25:25% repartition of proteins. Thus, we had four different nutritional groups: pulse caseins, spread caseins, pulse MSP, and spread MSP. Milk proteins were provided to the subjects as dry flavored powders given in four cups per day. The amounts were adjusted to the lean body mass of the subjects. Volunteers added water and sweetener (hermesetas) according to their taste. The rest of the meals were prepared at home by the subjects according to personalized menus they received from our dieticians (composed of various proportions of spinach, broccoli, lentils, or green beans, butter, bread, fruits, soy yoghurt, rice cakes, gingerbread). They were asked to respect the quantity of food indicated on the menus (they were provided with scales) and to eat at regular and usual hours during the day. On average, subjects consumed 5.87 MJ/day (25% as proteins, 25% as lipids, and 50% as carbohydrates) and 87 g of proteins per day.
Subjects
Forty-one subjects (women and men) completed the study (23 stopped the study before the end and were not included in the analyses). They were recruited through a local media campaign and were randomly distributed into the four nutritional groups after medical screening. In the pulse casein, spread casein, pulse MSP, and spread MSP groups, there were, respectively, 10, 10, 10, and 11 subjects, including, respectively, 2, 2, 1, and 3 men. The ages of the subjects were, respectively (means Ϯ SE), 35.1 Ϯ 1.5, 34.6 Ϯ 1.4, 30.6 Ϯ 2.3, and 33.6 Ϯ 1.8 yr. Their weights at the beginning of the experiment were, respectively, 92.2 Ϯ 4.3, 90.8 Ϯ 4.2, 93.5 Ϯ 5.5, and 86.0 Ϯ 3.8 kg. Their body mass indexes were, respectively, 32.0 Ϯ 0.8, 33.5 Ϯ 1.4, 32.9 Ϯ 1.4, 31.9 Ϯ 0.9 kg/m 2 . All of these values were not significantly different between groups. Each subject had a normal physical examination without any medical history of renal, cardiovascular, endocrine, or currently evolving disease and was sedentary (Ͻ2 h of exercise/wk). All subjects were asked to maintain their usual physical activity before and during the study. The purpose and potential risks of the study were fully explained to the subjects, and written informed consent was obtained from each participant. The experimental design was approved by the relevant French authorities (CPP AU724). This study was registered with the ClinicalTrials.gov Protocol Registration System, registration no. NCT00690781. 
Materials
Experimental Design
After attending an information meeting, signing consent, and undergoing medical examination and blood testing, subjects began the protocol with several basal measurements: 1) weight, repeated every week for the 6 wk of the experiment; 2) body composition measured by DEXA (dual-energy X-ray absorptiometry; QDR 4500A; Hologic, Waltham, MA), repeated on the last day of the experiment; 3) body composition, measured by impedancemetry (multifrequency 5-50-100 -200 kHz; Bodystat, Quadscan 4000, UK), repeated in weeks 2, 4, and 6; 4) an enquiry about food habits; 5) an enquiry about perception of hunger: participants asked to rate their hunger and their desire to eat a delicious food by using visual analog scales before and 30 min after each of the three main meals of the day (breakfast, lunch, dinner), repeated on Mondays of weeks 2 and 6; 6) after an overnight fast, a subcutaneous periumbilical adipose tissue biopsy under local anesthesia (xylocaïne 1%), repeated during the last week of the experiment.
Then, controlled nutrition began (see Nutritional design) on a Monday. Volunteers were weighed every Monday on the scale of the Human Nutrition Research Center (HNRC), and on the last Friday of the experiment. After 1 wk, volunteers came back to the HNRC facilities, and a nitrogen balance measurement was begun from Monday at 1030 to Saturday at 1030 by measuring the difference between ingested nitrogen and excreted nitrogen. Only nitrogen excreted in urine was measured, and other nitrogen losses (cutaneous and fecal) were estimated (see Calculations). The meals of the volunteers were prepared in the kitchen of the HNRC. Each item was weighed, and a duplicate meal was prepared for nitrogen content measurement. Volunteers took their lunch in the HNRC and took home their afternoon snack, dinner, and breakfast. They were asked not to throw away what they did not eat, which was weighed and analyzed for nitrogen content. During the same period, the whole urinary production was collected in 2-liter flasks containing 50 ml of 3 N HCl per day. This 5-day collection was pooled, and nitrogen, creatinine, and 3-methylhistidine contents were measured.
During the last week (6th), whole body protein metabolism was measured as described previously (3) . Subjects were admitted to the HNRC at 0630 in the postabsorptive state. A catheter was inserted retrogradely into a dorsal vein of the hand for arterialized blood sampling after introduction of the hand into a 60°C heated ventilated box. A second catheter was inserted into a vein of the contralateral arm for tracer infusion. After a prime dose of [ 13 ]leucine and ketoisocaproate (KIC) enrichments, as well as glucose, insulin, amino acids, urea, cholesterol, and triglyceride contents. Breath samples were kept in 10-ml evacuated containers (Vacutainer; Becton-Dickinson, Grenoble, France). Total carbon dioxide production rates were measured at isotopic plateau during the last hour of the two postabsorptive and fed states by an open-circuit indirect calorimeter (Deltatrac; Datex, Geneva, Switzerland).
Analytic Methods
Plasma [
13 -C]-and [ 2 H3]leucine and KIC enrichments were measured by selected ion monitoring electron impact GC-MS (model 5971A; Hewlett-Packard, Palo Alto, CA) with t-butyldimethylsilyl derivatives, and corrections for 13 C and 2 H3 enrichments were applied according to Biolo et al. (8) . Enrichment plateaus were achieved during both postabsorptive and postprandial states. 13 CO2 isotopic enrichments were measured with a gas isotope ratio-mass spectrometer (Gas System; Fisons Instruments, VG Isotech). Plasma concentrations of amino acids were measured after deproteinization with sulfosalicylic acid by ion exchange chromatography (Bio-Tek Instruments ARL; St Quentin Yvelines, France). Plasma urea concentrations were measured enzymatically on an autoanalyzer (Cobas Mira; Roche Diagnostic Systems, Neuilly sur Seine, France). Plasma insulin concentrations were determined using a commercial human RIA kit (Insulin CT Cis Bio International). Other plasma measurements were made using commercial kits from Horiba ABX (Montpellier, France). Nitrogen contents in duplicate meals, leftovers, and urine were measured by Kjeldahl method. Urine 3-methylhistidine content was measured by ion exchange chromatography (Bio-Tek Instruments ARL) and urine creatine content using commercial kits from Horiba ABX.
Adipose Tissue Analysis
After collagenase treatment, mature adipocytes were isolated and used for fat cell size determination using a procedure derived from a microphotometric method as previously described (25, 35) . Briefly, images of isolated adipocytes were acquired from a light microscope fitted with a camera, and measurement of 200 cell diameters was performed using AxioVision Rel. 4.5 (Le Pecq, France). Mean adipocyte diameter for a given subject was defined as the median value for the distribution of adipocyte diameters.
Total RNA was extracted from adipose tissue by using the TRIzol procedure (Invitrogen, Cergy-Pontoise, France), and cDNA was synthesized from 400 ng of total RNA using a high-capacity cDNA reverse transcriptase kit (Applied Biosystems, Foster City, CA) in a Peltier Thermal Cycler 200 (MJ Research, Waltham, MA). Real-time PCR was performed using a 7300 Real Time PCR System and a Syber Green kit (Applied Biosystems), and the PCR reaction was carried out as previously described (29) . Primer sequences used were as follows (F, forward; R, reverse): adipose triglyceride lipase (ATGL): F CAG-ACG-GCG-AGA-ATG-TCA-TTA-TAT, R TGC-AGA-CAT-TGG-CCT-GGA-T; AdipoQ: F TGT-AGT-ACG-GAG-TTG-TCA-GCA-CTC-A, R CCC-TGG-CAA-TAA-CAT-ACC-ATT-GTA; fatty acid synthase (FAS): F CAG-ACG-AGA-GCA-CCT-TTG-ATG-A, R CAG-GTC-TAT-GAG-GCC-TAT-CTG-GAT; leptin (Lept): F GGT-TGC-AAG-GCC-CAA-GAA, R ACA-TAG-AAA-AGA-TAG-GGC-CAA-AGC; lipoprotein lipase (LPL): F GGG-AAT-GAG-GTG-GCA-AGT-GT, R CGC-CGA-CCA-AAG-AAG-AGA-TT; monocyte chemotactic protein-1 (MCP1): F CAG-CAG-CAA-GTG-TCC-CAA-AG, R CGG-AGT-TTG-GGT-TTG-CTT-GT. Ribosomal 18S RNA expression was used to account for variability in the initial quantities of mRNA.
Calculations
Leucine kinetics were calculated as described previously (3): ), an index of whole body protein synthesis, is the difference between total leucine flux and Leu Ox. Endogenous leucine production (mol·kg FFM Ϫ1 ·min Ϫ1 ) represents whole body protein breakdown and is the difference between total leucine flux (minus the intravenous tracer infusion rate) and either leucine intake (Endo Leu R a) or leucine intake corrected for splanchnic extraction (corrected Endo Leu Ra) calculated as follows:
Finally, net leucine balance is the difference between total leucine intake (including the tracers) and LeuOx.
Nitrogen balance (i.e., nitrogen intake minus nitrogen losses) was calculated from the measurement of nitrogen intake (nitrogen content of duplicate meals minus nitrogen content of leftovers), the measurement of urinary nitrogen losses, and an estimation of fecal nitrogen losses based on apparent digestibility of protein (10), cutaneous nitrogen losses being approximated to 8 mg·kg Ϫ1 ·day Ϫ1 .
Statistical Analyses
Results are given as means Ϯ SE and were compared by ANOVA or repeated-measures ANOVA when measurements were repeated over time (weight, body composition, etc.) using SAS software (SAS 9.0; SAS Institute, Cary, NC). The effects of sex (M/F), protein feeding pattern (spread/pulse), protein source (caseins/MSP), and nutrition (postprandial/postabsorptive) were included in the analyses. If the ANOVA F-test was significant, post hoc Tukey tests were performed to compare means. Differences between means were considered significant when P Ͻ 0.05.
(8.7% of initial body weight). DEXA measurements showed that this loss was composed of 3.6 Ϯ 0.3 kg of fat (11.5% of initial total fat weight) and 3.9 Ϯ 0.4 kg of lean mass (6.9% of initial total lean mass). The same measurements performed by impedancemetry for a slightly shorter period (36 -40 days) indicated a loss of 5.1 Ϯ 0.2 kg for fat (15.5% of initial total fat weight) and 2.2 Ϯ 0.2 kg for lean mass (3.8% of initial total lean mass). Impedancemetry showed that there was also a significant loss of extracellular water during energy restriction (Ϫ4.3 Ϯ 0.5%; not taken into account by DEXA), so that the mean loss of dry lean body mass was 0.4 Ϯ 0.1 kg.
Comparison between nutritional groups. The evolution of body weight was similar in all groups, with no effect of protein source and protein feeding pattern, final weight being, respectively, 91.0 Ϯ 0.8, 91.2 Ϯ 0.8, 91.8 Ϯ 0.7, and 91.2 Ϯ 1.0% of initial body weight in the casein pulse, casein spread, MSP pulse, and MSP spread groups (Fig. 1) . Similarly, both DEXA and impedancemetry showed that the evolution of body composition was the same whatever the protein source or the protein feeding pattern. According to DEXA, body fat mass loss was 11.9 Ϯ 1.6, 10.4 Ϯ 2.4, 10.7 Ϯ 1.8, and 12.9 Ϯ 2.2% of initial fat weight, and lean body mass loss was 7.6 Ϯ 1.0, 6.7 Ϯ 1.0, 5.6 Ϯ 0.9, and 6.8 Ϯ 1.0% of initial lean body mass weight in the casein pulse, casein spread, MSP pulse, and MSP spread groups, respectively. According to impedancemetry (Fig. 2) , body fat mass loss was 14.3 Ϯ 1.0, 14.1 Ϯ 1.7, 15.9 Ϯ 1.8, and 16.3 Ϯ 1.7% of initial fat weight, and lean body mass loss was 4.7 Ϯ 0.6, 3.3 Ϯ 0.5, 3.4 Ϯ 0.8, and 3.7 Ϯ 0.8% of initial lean body mass weight in the casein pulse, casein spread, MSP pulse, and MSP spread groups, respectively. Finally, the evolution of leg and arm composition (estimated by DEXA) was also similar between groups: fat mass loss was 8.4 Ϯ 1.7, 5.5 Ϯ 2.5, 8.4 Ϯ 2.7, and 4.8 Ϯ 2.1% of initial fat weight, and lean mass loss was 5.7 Ϯ 2.0, 1.7 Ϯ 2.2, 4.6 Ϯ 2.0, and 2.7 Ϯ 1.5% of initial lean mass weight in the casein pulse, casein spread, MSP pulse, and MSP spread groups, respectively. Thus, it is likely that skeletal muscle loss was not significantly different between groups.
Urinary Based Measurements
Some volunteers reported that their urine collection was not totally complete over the 5 days, and these samples were excluded from the nitrogen balance calculations. Means obtained using remaining values (Fig. 3) showed that there was no difference in nitrogen balance between groups: protein source and feeding pattern did not influence protein balance (Fig. 3) .
Since our volunteers did not eat 3-methylhistidine-containing food (meat, fish) during the 6 wk of energy restriction, 3-methylhistidine excretion could be used as a valid index of muscle proteolysis. Values were adjusted to creatinine excretion, an index of muscle mass (thus, it was not a problem if urine collection was not exhaustive for this measurement). This index represents the mean muscle proteolysis of 5 days, since urine was collected and pooled for 5 days. However, as for nitrogen balance, there was no difference between groups (Fig. 3) .
Plasma Measurements
Plasma concentrations for glucose, insulin, cholesterol, triglycerides, and urea measured in the postabsorptive state during Fig. 1 . Evolution of body weight in energy-restricted groups. Obese subjects were proposed a 6-wk restricted energy diet. Four groups were compared: casein pulse, casein spread, milk-soluble protein (MSP) pulse, MSP spread (n ϭ 10 or 11 per group). In casein groups, caseins were the main protein source; it was MSP in MSP groups. In pulse groups, proteins were distributed in the 4 meals of the day (breakfast, lunch, tea, dinner) in the proportion 8:80:4:8%, respectively; in spread groups it was 25:25:25:25%. Weight was followed weekly. Values are means Ϯ SE. There was no significant difference between groups, but all groups lost weight significantly. Fig. 3 . Nitrogen balance and 3-methylhistidine (3-MH) excretion in energyrestricted groups. Urine was collected for 5 consecutive days on the 2nd week of energy restriction and pooled, and nitrogen, 3-MH, and creatinine urinary content was measured. Some volunteers reported that urine collection was not totally complete; those values were excluded for nitrogen balance calculations, but we could still use them for calculation of 3-MH/creatinine ratio. Values are means Ϯ SE. There was no significant difference between groups. the 6th week of energy restriction were not different between groups (Table 1) .
Protein Metabolism
During the last week of energy restriction, protein metabolism was also evaluated by infusing labeled leucine first in the postabsorptive state (after an overnight fast) and then in the postprandial state (during a steady state created by successive small liquid meals). In all groups, feeding significantly increased (P Ͻ 0.01) leucine flux, Leu Ox , NOLD (an index of whole body protein synthesis rate), and leucine balance (an index of the balance between whole body protein synthesis and degradation) and significantly (P Ͻ 0.01) reduced endogenous or corrected endogenous leucine R a , an index of whole body protein degradation ( Table 2 ). The protein feeding pattern (spread/pulse) had no effect on leucine kinetics (Table 2) . On the contrary, caseins and MSP had significantly (P Ͻ 0.01) different effects for all parameters (Table 2 ) except splanchnic extraction (P ϭ 0.09). As demonstrated by variance analysis, leucine kinetics were not different between caseins and MSP in the postabsorptive state. Significant differences were detected only in the postprandial state: leucine flux, Leu Ox , and NOLD increased more in the postprandial state in the MSP groups than in the casein groups. On the contrary, endogenous or corrected endogenous leucine R a decreased more in the postprandial state in the casein groups than in the MSP groups. As a result, in the postprandial state, despite the lower stimulation of protein synthesis, leucine balance was significantly (P Ͻ 0.01) higher in the casein groups than in the MSP group (Fig. 4) .
On the same day of leucine kinetics measurements, we followed the evolution of free amino acid plasma concentrations. These concentrations were measured at 210 min, at the end of the postabsorptive period, and then at time 240, 270, 330, and 390 min. For all amino acids, plasma concentration increased with time in response to feeding. In the postabsorptive state, only protein source had a significant effect, and values were higher in the casein groups than in the MSP groups (histidine, isoleucine, leucine, lysine, methionine, tyrosine, valine) except for aspartic acid, for which it was the reverse (see Fig. 5 , in which spread and pulse values were pooled per Means Ϯ SE are given. Obese subjects were proposed a 6-wk restrictedenergy diet. Four groups were compared: casein pulse, casein spread, milksoluble protein (MSP) pulse, MSP spread (n ϭ 10 or 11 per group). In casein groups, caseins were the main protein source; it was MSP in MSP groups. In pulse groups, proteins were distributed in the 4 meals of the day (breakfast, lunch, tea, dinner) in proportion 8:80:4:8%, respectively; in the spread groups it was 25:25:25:25%. During the 6th week of energy restriction, blood samples were obtained in the postabsorptive state, and glucose, insulin, trigycerides, total cholesterol, and urea plasma concentrations were measured. There were no significant differences between groups. Values are means Ϯ SE. During the 6th week of energy restriction, whole-body protein metabolism was measured using infusion of L-[1-13 C]leucine first in the postabsorptive (PA) state and then in a steady postprandial (PP) state. Subjects were given a liquid meal containing lipids, carbohydrates, proteins and L- [5,5,5- protein source). There was no significant difference for the other amino acids. In response to feeding, in most cases, plasma amino acid concentrations increased more quickly (significant interaction time ϫ protein source) after MSP feeding than after casein feeding (methionine, phenylalanine, tyrosine), and in addition, final values were also higher (aspartic acid, isoleucine, leucine, lysine, threonine, tryptophane, valine) (Fig. 5) . It was only for proline that plasma concentrations were always higher in the casein groups than in the MSP groups (Fig. 5 ). Protein feeding pattern had significant effects for some amino acids (spread Ͼ pulse: glutamine, proline, threonine; pulse Ͼ spread: glycine, serine). However, since all volunteers had liquid meals every 20 min on that day, only residual effects of protein feeding pattern could be detected.
Adipose Tissue
Energy restriction reduced adipocyte size (P Յ 0.001), but neither protein source nor feeding pattern modified this reduction (Fig. 6A ). This lack of specific effect of protein source and feeding pattern was also observed for adipose tissue gene expression (data not shown). Energy restriction provoked a substantial decrease in mRNA amount of genes involved in both lipogenic (LPL and FAS) and lipolytic pathways (ATGL) (Fig. 6B ). This downregulation of gene expression in adipose tissue after a restricted diet was also observed for leptin (Fig.   6C ), in agreement with the decrease in fat mass. By contrast, there was no significant reduction of mRNA expression of monocyte chemotactic protein-1 (MCP-1) and adiponectin (AdipoQ) (Fig. 6C) .
Perception of Hunger
Perception of hunger was tested on days 0, 15, and 35, before and after breakfast, lunch, and dinner, in each group. As could have been expected, perception of hunger was much higher before than after a meal (score: 2.4 before vs. 0.6 after, P Ͻ 0.0001) and varied also significantly according to meals (subjects were less hungry at breakfast than at lunch and dinner). Surprisingly, these perceptions did not change during energy restriction: perception of hunger was not different on days 0, 15, and 35. Finally, protein source and protein feeding pattern had no influence on hunger perception.
DISCUSSION
The aim of this work was to determine whether milk protein supplements could prevent energy restriction-induced lean body mass loss depending on the protein fraction (caseins, soluble proteins, i.e., whey) and their pattern of intake (pulse, spread). We showed that, although caseins induced a better whole body protein anabolism than MSP, there was no difference in the evolution of lean body mass during energy restriction between casein-fed and MSP-fed participants.
The main characteristics of caseins and MSP liable to promote a different response of protein metabolism after ingestion are leucine content and speed of digestion. Indeed, leucine is now recognized as a potent signal nutrient that regulates protein metabolism (7), and MSP contain 12.1 g leucine/100 g proteins, whereas caseins contain only 8.7 g leucine/100 g proteins. In addition, it was shown that, after a bolus of MSP, digested amino acids appear quickly in the peripheral blood, with an intense peak, whereas after a bolus of caseins, amino acid appearance is delayed and stays above postabsorptive values for a longer period of time (9) .
We compared the effect of caseins and MSP on whole body protein metabolism using steady-state conditions, i.e., postprandial state was created by repeated small liquid meals every 20 min for 4.5 h. Thus, the differences in absorption rates were attenuated. However, these measurements were performed after more than 5 wk of feeding exclusively with caseins or MSP, and this habituation was liable to have an influence on protein Table 1 . metabolism. In these conditions, we showed that, in the postprandial state, amino acid oxidation and whole body protein synthesis were higher after MSP ingestion than after casein ingestion, and whole body protein degradation was inhibited to a higher degree with caseins than with MSP, leading to a better leucine balance with caseins than with MSP. Thus, despite our steady-state conditions, we obtained significantly different results between caseins and MSP.
To our knowledge, there have been no similar studies performed in humans during energy restriction after a long period of casein or MSP feeding. However, in rats, using a similar protocol, we observed that there was no difference in postprandial in vivo muscle and liver protein synthesis rates after casein or MSP feeding (1, 2) . In addition, in the postabsorptive state, muscle protein synthesis was higher in caseinfed rats than in MSP-fed rats (1). Thus, there is no clear correspondence between results obtained at the tissue level in rats with results obtained at the whole body level in humans. We may wonder whether adipose tissue could be involved in the protein metabolism response observed in humans, since our volunteers had significant stores of adipose tissue and since it was shown in rats that leucine is a very efficient stimulator of protein synthesis in adipose tissue (30, 31) . However, the protein content of adipose tissue is so low [Ն10 times lower than in other tissues (personal communication, I. Papet, 1987)], that it seems unlikely. The best hypothesis remains that, despite the results observed in the rats, muscle is probably the tissue mainly responsible for the better postprandial stimulation of whole body protein synthesis with MSP than with caseins.
Several studies were performed to analyze the effect of a test meal (ingested as a bolus of intrinsically labeled protein in most cases) containing either caseins or MSP in healthy adult and old humans and rats (9, 13-15, 24, 34, 36) . Those authors concluded that MSP stimulated more muscle protein synthesis than caseins in aged subjects and that, at the whole body level, the protein that allowed the best postprandial protein balance was different according to the age of the subject: it was caseins in young subjects, and MSP in old subjects. Leucine content seemed an important factor in aged subjects (36) . In young subjects, the casein-positive effect was clearer when energy content of the test meal was low: in the experiment where the test meal energy content was the highest, leucine balance was better with MSP than with caseins (15) .
The context and the methods used in our experiments are very different from those in these publications. However, obesity and aging share common metabolic abnormalities: inflammation, oxidative stress, and insulin resistance. It is possible that during the first days of energy restriction MSP induced a better leucine balance than caseins, as observed in aged subjects, but as energy restriction began to correct metabolic abnormalities, caseins became progressively the best proteins as in young healthy subjects. This would explain why there was no significant effect of protein source on lean body mass despite a better leucine balance with caseins than with MSP during the 6th week.
One can wonder whether the total amount of proteins consumed by our volunteers was sufficient to limit lean body mass loss. Although the optimum protein intake for weight loss remains unknown, investigators using very-low-calorie diets found that increasing dietary protein to levels of 1.5 g protein/kg of ideal body weight reduced loss of lean tissue during rapid weight loss (26) . In the present study, protein intake was 1.43 g protein/kg of ideal body weight, thus very close to the proposed value.
We may also wonder whether the amount of protein consumed per meal was sufficient to promote anabolism, in particular in the spread group. Indeed, volunteers in the spread group consumed ϳ87/4 ϭ 22 g of protein per meal. In test meal studies in young adults, quantities used varied from similar amounts (23 g) (24) to higher amounts (30 g) (9) . In any case, since there was no difference in the end between the spread and the pulse groups, we can assume that the amount of protein per meal was not limiting in the spread group.
In our rat model, energy restriction did not induce a loss of lean body mass and only stopped the slow growth of animals (1, 2) . In the present study, there was a significant loss of lean body mass, but the extent of this loss was different depending on the method used (impedancemetry vs. DEXA). In compilation or meta-analyses of studies on energy restriction, it was reported that without exercise the loss of lean body mass averaged 23% (40), or 20% (23) of the observed total mass loss. This percentage was higher in short-term studies (23, 40) . In our 6-wk study, lean body mass losses estimated by impedancemetry were 30% of total mass loss and 52% by DEXA. Thus, impedancemetry results seem more in line with other observed results than DEXA values. These DEXA values could be overestimated because of variations in extracellular water. Indeed, the ratio of extracellular water to total body water is increased during obesity (39) . Impedancemetry measurements showed that extracellular water significantly decreased during energy restriction; DEXA measurements did not take this phenomenon into account. Thus, although DEXA is often presented as the reference method, in our hands impedancemetry seemed to give a more realistic estimation of body composition change during energy restriction than DEXA.
Another interesting aspect of the effect of restriction diets shown in the present study is its ability to reduce adiposity regardless of the protein composition. The consequences on adipose tissue biology of such diets differing by their protein composition are not well known. In addition to a small loss of fat mass (10%), we identified an important reduction of adipocyte weight (30 -40%), in agreement with the relevance of adipocyte size as an important cellular obesity phenotype (38) . Unfortunately, we could not find any difference for this parameter between the spread and pulse groups whatever the protein source. A striking finding was a concerted downregulation by energy restriction of mRNA levels of genes involved in triglyceride synthesis and degradation, suggesting a global decreasing effect on triglyceride turnover. However, in accordance with the reduction in fat cell size, one could expect that the decreased lipogenesis rate was the main contributor to diminished cellular triglycerides, because the lipolytic capacity was also downregulated. There is accumulating evidence that obesity is associated with low-grade inflammation (41), which is reduced by weight loss (12) . Therefore, we analyzed the expression of an inflammation marker, MCP-1, together with that of adipose-secreted factors. The decrease in leptin expression was not surprising, due to the well-known positive relationship between leptin expression and adipose mass. Conversely, the lack of effect on adiponectin expression was at variance with previous studies (42) but in agreement with recent studies showing that adiponectin was not a reliable adipose-secreted protein marker for weight loss (20, 22) . Weight loss is usually associated with a decreased concentration of inflammatory markers, which can be mediated by decreased secretion of proinflammatory cytokines by adipose tissue (12, 16) . Among these, MCP-1, which may play a role in the attraction of macrophages in adipose tissue, was decreased after weight loss (12) . In this study, the expression of MCP-1 was unchanged after the restriction diet, suggesting that the fat mass loss was insufficient to affect the macrophage infiltration in adipose tissue. Thus, the changes in adipose tissue gene expression could be related to the changes in adipocyte size and were only dependent upon the energy restriction.
Few factors were significantly affected by protein source or protein feeding pattern. Besides leucine flux, only plasma amino acid values were significantly affected by protein source, and marginally by previous protein feeding pattern (on the day of the measurement, steady-state conditions were used). The observed variations are related to the relative enrichment in specific amino acids in caseins and MSP (e.g., leucine: MSP Ͼ caseins; proline: caseins Ͼ MSP) and to the differences in the speed of digestion. It is interesting to note that postabsorptive values were significantly lower in the MSP group than in the casein group for several amino acids for which it was the reverse in the postprandial state, as though the higher the postprandial value is, the lower the postabsorptive value is. A similar phenomenon was observed previously in the rat for leucine (1) .
Very few effects of the protein feeding pattern were observed. Previously, it was shown that the pulse protein feeding pattern promoted a better nitrogen balance than the spread feeding pattern in older individuals, whereas there was no difference in young individuals (3) (4) (5) (6) . In the present study, no differences were observed for body composition and nitrogen balance. There was also no difference for whole body protein metabolism, but the use of steady-state conditions probably attenuated differences in the postprandial state.
Although it may be very difficult for the subjects to combine energy restriction with a sufficient level of exercise, it seems that exercise remains the most powerful tool to maintain lean body mass during energy restriction. Indeed, it was only in studies with intense exercise training that there was no loss of lean body mass during energy restriction (40) . We may wonder whether a stimulus like exercise might have amplified any benefit of dietary protein source (including higher leucine content) or protein feeding pattern. To our knowledge, few studies have tried to answer these questions. It was shown that the effects of dietary protein and exercise on body composition during weight loss were additive (27) . Other studies would be necessary to have a better understanding of these phenomena.
In conclusion, this study shows that, in young, healthy, obese subjects, a significant loss of lean body mass occurs during energy restriction and that this loss is the same whatever the milk protein consumed (caseins or MSP) and whatever the protein feeding pattern used (pulse or spread) after 6 wk. However, a clear, positive effect of caseins on leucine balance was observed during the last week of energy restriction. It is possible that the energy restriction period was not long enough to obtain a significant positive effect of caseins on the sparing of lean body mass.
